Solar sail heliocentric Earth-following orbits by Heiligers, Jeannette & McInnes, Colin
Strathprints Institutional Repository
Heiligers, Jeannette and McInnes, Colin (2015) Solar sail heliocentric 
Earth-following orbits. Journal of Guidance, Control and Dynamics, 38 
(5). pp. 937-944. ISSN 0731-5090 , http://dx.doi.org/10.2514/1.G000579
This version is available at http://strathprints.strath.ac.uk/51035/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (http://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any  correspondence  concerning  this  service  should  be  sent  to  Strathprints  administrator: 
strathprints@strath.ac.uk
 American Institute of Aeronautics and Astronautics 
 
 
1 
Solar Sail Heliocentric Earth-Following Orbits 
 
Jeannette Heiligers1 and Colin R. McInnes2 
University of Strathclyde, Glasgow, G1 1XJ 
 
I. Introduction 
Solar sail technology development LV UDSLGO\ JDLQLQJ PRPHQWXP DIWHU UHFHQW VXFFHVVHV VXFK DV -$;$¶V
IKAROS mission [1] DQG1$6$¶V1DQR6DLO-D2 mission [2]. Research in the field is flourishing and new solar sail 
initiatives, VXFKDV1$6$¶V6XQMDPPHUPLVVLRQ, are scheduled for the future [3]. Solar sails exploit the radiation 
pressure generated by solar photons reflecting off a large, highly reflecting sail to produce a continuous thrust force. 
They are therefore not constrained by propellant mass [4], which gives them huge potential for long-lifetime and 
high-energy mission concepts and enables a range of novel applications. One such family of applications are non-
Keplerian orbits (NKOs) [5, 6], where the force due to solar radiation pressure on a solar sail is used to displace an 
orbit away from a natural Keplerian orbit. Different types of NKOs exist, including NKOs in the two-body problem 
(either Sun-centered or Earth-centered) and NKOs in the well-known circular restricted three-body problem 
(CR3BP). In the Sun-centered two-body problem, NKOs are determined by considering the solar sail spacecraft 
dynamics in a rotating frame of reference. By setting the time derivatives of the position vector equal to zero, 
equilibrium solutions are found in the rotating frame that correspond to displaced circular orbits in an inertial frame. 
Such Sun-centred NKOs allow a spacecraft to be synchronous with a planet at any heliocentric distance inward from 
the target planet and/or to displace a solar sail spacecraft out of the ecliptic plane for solar polar observations, 
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2 
interplanetary communication, and astronomical observations [7]. A similar approach can be used to find solar sail 
NKOs in the Earth two-body problem, creating, for example, RUELWVRQWKH(DUWK¶VQLJKWVLGHWRVWXG\LWVPDJQHWRWDLO
and interaction with the solar wind [8] and displaced geostationary orbits to create additional geostationary slots for 
telecommunication, Earth observation, and weather satellites [9, 10]. Finally, in the CR3BP, solar sails have been 
demonstrated to extend the five Lagrange points to a continuum of new artificial equilibrium points (AEPs) [11] and 
can be used to create periodic orbits around these AEPs [12]. The applications of these NKOs are abundant, 
including one-year periodic orbits high above the ecliptic in the Sun-Earth system for polar observations [12], solar 
sail trajectories above the Earth-Moon L2 point to establish an Earth-Moon communication link [13] and solar sail 
Halo orbits sunward of the Sun-Earth L1 point to increase the warning times for solar storms [14, 15].  
Rather than displacing the orbit, the force due to solar radiation pressure on a solar sail can also be used to create 
an artificially precessing NKO. For example, the GeoSail mission [16] proposed the use of a solar sail to rotate an 
elliptic geocentric orbit in the ecliptic plane such that apogee remains on the night side of the Earth to enable 
continuous observations of the geomagnetic tail. In this technical note, the concept of rotating an elliptic orbit by 
means of a solar sail is considered further by investigating precessing, heliocentric, and Earth-following orbits. The 
VDLORUELW¶Vaphelion IROORZV WKH(DUWK¶VRUELWDOPRWLRQ WKURXJKout the year and is always directed along the Sun-
Earth line, allowing extended observations for space weather forecasting and Near Earth Objects (NEOs) 
surveillance activities.  
II. Orbit definition 
The concept of heliocentric Earth-following orbits is illustrated in Figure 1: a solar sail acceleration is used to 
rotate the line of apsides of an elliptic heliocentric orbit such that aphelion follows the Sun-Earth line. The sail 
contributes an acceleration, f  WRWKHVSDFHFUDIW WUDMHFWRU\EDVHGRQWKHYHKLFOH¶VOocation with respect to the Sun. 
Since a planar case is considered (such that the solar sail spacecraft orbits the Sun in the ecliptic plane), the 
evolution of the osculating orbital elements and time is given by the following four Lagrange equations [17]: 
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with a  the semi-major axis, e  the eccentricity, Z  the argument of periapsis, T  the true anomaly, 
111.3272 10SP  u  kg3/s2 the gravitational parameter of the Sun,  21p a e  ,  / 1 cosr p e T  , and rf  and tf
 
the radial and transverse components of the perturbing solar sail acceleration. 
By definition, a heliocentric Earth-following orbit has to satisfy the following conditions: 
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where the subscripts '0 '  and ' 'f  indicate the conditions at 0T   and 2T S , P  WKH(DUWK¶VRUELWDOSHULRGDQG En  
LV WKH (DUWK¶V PHDQ motion. The semi-major axis and eccentricity must thus remain unchanged over one orbital 
revolution and the argument of perihelion needs to increase by an amount equal to the angular distance that the Earth 
traverses in time t' . Here, t'  is the spacecraft orbital period (accounting for changes in the orbit period due to the 
perturbing solar sail acceleration, see Eq. (4)). 1RWHWKDWWKH(DUWK¶VRUELWLVDVVXPHGWREHFLUFXODU 
The conditions in Eq. (5), i.e., no change in the semi-major axis and eccentricity and only a change in the 
argument of perihelion, are satisfied by choosing a simple apsides steering law. An apsides steering law creates an 
acceleration opposite to the eccentricity vector, i.e., parallel to the (instantaneous) line of apsides and directed 
towards aphelion, as shown in Figure 1.  
The radial and transverse components of the acceleration are then defined by: 
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Equation (7) is based on an ideal solar sail model, which assumes pure specular reflection of the impinging 
photons. The solar sail acceleration vector then acts perpendicular to the solar sail surface, i.e., in direction Ön . The 
parameter E  is the solar sail lightness number, which is the ratio of the solar radiation pressure acceleration and the 
solar gravitational acceleration. Or, equivalently, E  can be expressed as a function of the sail area to spacecraft 
mass ratio, V , and the critical solar sail loading parameter, *V  1.53 g/m2 [4]: 
 
*VE V  (8) 
As a realistic near-term value for the lightness number, the Sunjammer mission is taken as a reference. 
Sunjammer is a NASA solar sail technology demonstration mission that is scheduled for launch post-2015 and 
targets a sub-L1 point [3]. With a solar sail area of approximately 1200 m2 and a mass of 45 kg, the lightness number 
of the Sunjammer sail is assumed to be in the range 0.0388-0.0455 [18] and is used throughout this paper to assess 
the near-term performance of the proposed concepts. The extremes of this range are indicated by 
,minSJE  and 
,maxSJE , respectively. 
A limitation of solar sails is their inability to generate an acceleration component in the direction of the Sun [4]. 
The steering law described in Eq. (6) therefore cannot be maintained when 120 T Sd   or 32 2S T S d . Within 
these ranges, the attitude of the sail is assumed to be turned edgewise to the Sun, thus the sail does not contribute an 
additional acceleration.  
Substituting the adopted steering laws into Eqs. (1)-(4) gives: 
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Figure 1. Illustration of heliocentric Earth-following orbits. 
 
III. Time invariant semi-major axis and eccentricity 
A first assessment of the heliocentric Earth-following orbits can be made by assuming that the semi-major axis 
and eccentricity do not change during the orbital motion UHIHUUHGWRDV WKHµFRQVWDQW a  and e ¶FDVH. Section IV 
will consider the actual variation in these orbital elements UHIHUUHGWRDVWKHµWLPH-varying a  and e ¶FDVH. When 
keeping a  and e  constant over one revolution, the equations for the argument of perihelion and time in Eq. 9 can be 
integrated analytically over the time domains specified to obtain the change in these variables after one orbital 
revolution: 
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From Eq. (11) the Keplerian orbital period (first term on the right hand side) and the deviation from this period 
due to WKH VDLO¶V FRQWULEXWLRQ LV FOHDU By substituting Eqs. (10) and (11) into the third equation of Eq. (5), the 
lightness number required to maintain a heliocentric Earth-following orbit can be obtained as: 
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 (12) 
Since E  is a function of the semi-major axis and eccentricity only, contours of equal lightness number can be 
drawn as shown in Figure 2a (Figure 2b, which considers the time-varying a  and e  case is addressed in Section 
IV). The shaded areas indicate a minimum required perihelion of 0.25 AU due to limitations on the thermal 
tolerance of the sail film [4] and a maximum aphelion of 0.99 AU (i.e., the Sun-L1-distance) to highlight the fact that 
the solution beyond that distance becomes less accurate due to the gravitational attraction of the Earth. Although the 
contours in Figure 2a extend up to large values for the lightness number, the validity of the results diminishes for 
such large sail accelerations since the Lagrange equations in Eqs. (1)-(4) only hold when the perturbing acceleration 
is small compared to the gravitational acceleration. From Eq. (7) it will be clear that this ratio of the solar sail 
acceleration to the gravitational acceleration is  2Ö ÖE r n  and therefore depends on the attitude of the sail with 
respect to the Sun-line. At the very maximum (when the sail faces the Sun), the ratio will equal to lightness number, 
but will on average be smaller, especially since the ratio is 0 for 120 T Sd   or 32 2S T S d . Therefore, for the 
lightness number of the Sunjammer sail, the Lagrange equations area ssumed to still hold. The contours for 
,minSJE  
and 
,maxSJE  are shown in Figure 3a from which it is clear that a Sunjammer sail would only enable heliocentric 
Earth-following orbits with small semi-major axes and small eccentricities. Note that Figure 3b, which considers the 
time-varying a  and e  case,  is addressed in Section IV. To maximize the relative time spent along the Sun-Earth 
line, orbits with the maximum eccentricity (i.e., where the contours intersect the shaded area) are considered later on 
in this Note for further investigation. The orbital parameters of these orbits are given in Table 1, while a 
corresponding plot of the orbit when 
,minSJE E  appears in Figure 4a using an inertial reference frame where the 
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x axis points towards the Earth at time 0t   or equivalently at 0T  . From Figure 4b (where time is made 
dimensionless such that 1 year equals 2S), it is clear that the third condition in Eq. (5) is satisfied.  
a) b) 
 
 
Figure 2. Contours of equal lightness number for E = [0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45] for heliocentric 
Earth-following orbits. a) Constant a and e. b) Time-varying a and e.  
 
a) b) 
  
Figure 3. Contours of equal lightness number for E = [0.0388 0.0455] for heliocentric Earth-following orbits. 
a) Constant a and e. b) Time-varying a and e. 
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Table 1. Semi-major axis and eccentricity of selected heliocentric Earth-following orbits. 
  
Constant a  and e  Time-varying a  and e  
,minSJE E  0a , AU 0.2698 0.2708 
0e  0.0736 0.0777 
 Period, days 60.8 61.8 
,maxSJE E  0a , AU 0.2728 0.2742 
0e  0.0847 0.0888 
 Period, days 62.1 63.5 
 
a) b) 
 
 
Figure 4. Heliocentric Earth-following orbits with constant a = 0.2698 AU and e = 0.0736 for E = ESJ,min. a) 
Orbital evolution. b) Evolution of argument of perihelion and dimensionless time. 
 
IV. Time variant semi-major axis and eccentricity 
The assumption of constant semi-major axis and eccentricity in the previous section allows an analytical 
investigation into the heliocentric Earth-following orbits. Removing this assumption and taking the actual variation 
of a  and e  into account will have an effect on the performance of the solar sail. A numerical approach for 
integrating Eq. (9) is adopted: a fine mesh in the initial value for a
 
and e  at the orbit perihelion is considered (i.e., 
0a  and 0e ) and for each combination the equations of motion are integrated for a range of E - values. For each 
value for E , the third condition in Eq. (5) is evaluated and the value that matches the condition closest is considered 
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the required lightness number. The results appear in Figure 2b, which clearly shows a difference with the results in 
Figure 2a that assumed constant a
 
and e  along the orbit. Interestingly, for small values of the lightness number, the 
performance is improved. This improvement is also clear from the contours for 
,minSJE  and ,maxSJE  in Figure 3b; the 
intersection between the contours and the shaded area occurs at larger values for the semi-major axis and 
eccentricity, which implies that the spacecraft will linger longer along the Sun-Earth line along a larger, more 
elliptical ± and desirable - orbit. The orbital elements of these orbits are included in Table 1, while further details of 
the time dependencies of the orbital elements are provided in Figure 5 for 
,minSJE E  where the results of Section III 
for constant semi-major axis and eccentricity are included as dashed lines for comparison purposes.  
 
Figure 5. Evolution of Keplerian elements for heliocentric Earth-following orbits for E = ESJ,min. Solid lines are 
for time-varying a and e (a0 = 0.2708 AU and e0 = 0.0777), while dashed lines are for constant a = 0.2698 AU 
and e = 0.0736. The bottom right plot shows the evolution of the perihelion radius, rp.  
 
V. Optimal steering law 
Although the apsides steering law of the previous section allows for a simple steering of the solar sail, it may not 
be optimal for extended observations along the Sun-Earth line as will be discussed in Section VI. Therefore, this 
section investigates the optimal steering law to maximize the time spent near or along the Sun-Earth line or 
equivalently to maximize the mean eccentricity of the orbit. This optimal steering law is found by solving the 
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accompanying optimal control problem using a particular implementation of a direct pseudospectral method in C++ 
known as PSOPT [19]. A condensed definition of the optimal control problem is given below. 
The objective, J , is defined as: 
  2
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J e d
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T T
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 (13) 
The states,  tx , and controls,  tu , as well as bounds on these variables are defined as: 
 > @   > @ > @0.2 AU 0 0 0 AU 0.99 2 4T T Tt a e tZ S Sd  dx  (14) 
 > @   > @ > @0 1 1 1T T Tr tt n n d  du  (15) 
Note the lower limit on the radial control component, which takes into account the inability of a solar sail to 
generate an acceleration component in the direction of the Sun.  
The dynamics are defined in Eqs. (1)-(4) and the event constraints are the required conditions defined for 
heliocentric Earth-following orbits in Eq. (5) as well as 0 0 0tZ   . Finally, two path constraints are included to 
ensure that the norm of the control vector is unity and that perihelion is always larger than 0.25 AU: 
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 (16) 
The intial guess to initialise the optimal control problem is taken equal to the heliocentric Earth-following orbit 
found in the previous section, i.e., with time-varying semi-major axis and eccentricity, and with an apsides steering 
law. Figure 6 shows the results for 
,minSJE E  with plot a providing the eccentricity profile that provides the 
maximum mean eccentricity. Plots b and c clearly show the difference between the apsides steering law and the 
optimal steering law: thrusting extends beyond the feasible domain for apsides steering, i.e., beyond 312 2S T Sd d , 
while still satisfying the constraint that the sail cannot generate an acceleration in the direction of the Sun, and is 
directed more radially than the apsides steering law. 
VI. Surveillance zone analysis 
7KHDPRXQWRI WLPHVSHQWE\ WKH VSDFHFUDIW LQDSDUWLFXODU³VXUYHLOODQFH]RQH´ LVFRQVLGHUHG LQ WKLVVHFWLRQ WR
assess the performance of heliocentric Earth-following orbits for extended observations along the Sun-Earth line. 
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This surveillance zone is defined through the angle limH , which is measured from the Sun-Earth line (see Figure 7a). 
To compare the performance of the heliocentric Earth-following orbits, the observation time achieved with a 
Keplerian orbit ± equal in size as the optimal heliocentric Earth-following orbit - is also considered. Because 
Keplerian orbits are inertially fixed, aphelion will only be aligned once per synodic period of the Earth-spacecraft 
system. At other times, the Earth and aphelion may be in opposition with respect to the Sun, losing out on valuable 
observation time.  
 
a) b) 
 
 
c) 
 
Figure 6. Optimal heliocentric Earth-following orbit for E = ESJ,min . a) Evolution of Keplerian elements with 
rp the perihelion radius. b) Optimal steering law. c) Orbit evolution. 
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For both the heliocentric Earth-following orbit as well as for the Keplerian reference orbit, the time spent within 
the surveillance zone depends on the initial orientation of the orbit with respect to the Sun-Earth line. This 
orientation is given by the initial value of the argument of perihelion, which is measured from the Sun-Earth line at 
time 0t  . To properly phase heliocentric Earth-following orbits, the optimal initial orientation is 0Z S . This 
property is clear from the bottom left plot in Figure 5 and Figure 6a ZKLFK VKRZ WKH V\PPHWU\ LQ WKH RUELW¶V
evolution and the fact that aphelion is located at the instantaneous Sun-Earth line (i.e., the intersection of the two 
curves at T S ). For the Keplerian orbit, the maximum observation time in the first orbital revolution is obtained 
when, again, aphelion coincides with the instantaneous Sun-Earth line, see Figure 7b. Since the orbit is inertially 
fixed, this means that 0Z  can be derived from the angular distance the Earth traverses in half the Keplerian orbital 
period. Using time in its dimensionless form, the argument of perihelion for the Keplerian reference orbit, KZ , can 
thus be derived from:  
 
1
/ orbit2K s ct t PZ S S S  '   '    (17) 
 
a) b) 
 
 
 
Figure 7. a) Definition of the surveillance zone. b) Orbital geometry for Keplerian reference orbit. 
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The results of the surveillance zone analysis are provided in Figure 8, Figure 9, and Table 2 for both 
,minSJE  and 
,maxSJE , for the Keplerian orbit (open markers and lower light-grey line), the apsides steering law (solid markers and 
middle black line), and optimal control laws (crosses and upper grey line) and for three different values of limH : 10, 
20, and 45 degrees. From the observation time per orbit (Figure 8a and Figure9a) it is immediately clear that the 
heliocentric Earth-following orbits enable a constant number of days per orbit for useful observation because the 
Earth-sail configuration is the same in each orbital revolution. Also, the Keplerian reference orbit enables an 
adequate coverage during the first orbital revolution, but because it is inertially fixed, the observation time is 
reduced in subsequent orbits. Consequently, a smaller overall percentage observation time for Keplerian orbits is 
available compared to the heliocentric Earth-following orbits (see Figure 8b, Figure 9b, and Table 2). For example, 
for 
,minSJE E   and lim 45H  , the overall percentages are 25.6 percent (Keplerian), 29.3 percent (apsides steering 
law), and 32.2 percent (optimal steering law). This means that the heliocentric Earth-following orbits allow 3.7 
percent (apsides steering law) and 6.6 percent (optimal steering law) more observation time, or, equivalently, 
increase the percentage observation time by a factor 1.14 and 1.26 compared to a Keplerian orbit. When inspecting 
the other results in Table 2 it appears that very similar factors hold for all other cases, i.e., for 
,minSJE E , 
,maxSJE E , and for each value for limH . However, when building on the technology developed for Sunjammer and 
assuming larger values for the lightness number, e.g. 0.1E  , the apsides and optimal steering laws can increase the 
percentage observation time compared to a Keplerian orbit by a factor 1.42 and 1.79, respectively. These 
improvements underpin the potential of the heliocentric Earth-following orbits for the applications outlined in the 
following section. 
VII. Applications 
Two particular applications are envisaged for heliocentric Earth-following orbits: space weather forecasting [20] 
and Near Earth Objects (NEOs) surveillance [21]. Both require continuous observation along the Sun-Earth line, 
which can be achieved in an efficient way by the heliocentric Earth-following orbits if multiple spacecraft are 
phased along the orbit.  
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For space weather forecasting purposes, the solar coronal mass ejections that travel from the Sun-Earth line must 
be detected in order to warn operators of ground and space assets of incoming space weather events. These events 
can have detrimental effects such as power outages, damage to oil pipelines, need for aviation re-routing, damage to 
Earth-orbiting satellites, and hazardous conditions for astronauts onboard the International Space Station. 
Measurements taken by spacecraft located in a Halo orbit around the classical L1 point (SOHO (ESA/NASA, 1996), 
ACE (NASA, 1997), and WIND (NASA, 2004)) are currently used to generate these warnings [22]. However, 
because of their relatively close distance to the Earth, warning times from these satellites are only 30-60 minutes. 
Previous and current proposals to use a solar sail to be stationed along the Sun-Earth line sunward of the classical L1 
point, the sub-L1 concept, would result in an approximate increase in this warning time of a factor 2 [14, 15]. With a 
very small aphelion distance of 0.3229 AU along the Sun-Earth line this increase in warning time could be further 
extended to a factor 68 by the optimal heliocentric Earth-following orbits, keeping in mind that these would require 
a constellation of solar sail spacecraft while the sub-L1 concept could be achieved with a single satellite.  
Concerning the NEOs surveillance application, the heliocentric Earth-following orbits provide a means to detect 
1(2VWKDWRUELWWKH6XQZLWKLQ(DUWK¶VRUELWRUPRUHspecifically objects that approach the Earth from the direction 
of the Sun. These pose an increased danger to the Earth since they cannot be tracked from ground-based optical 
telescopes due to solar radiation disturbances [23] %\ RUELWLQJ IDU ZLWKLQ (DUWK¶V RUELW WKH KHOLRFHQWULF (DUWK-
following orbits provide a way to track these objects, increasing the portion of the sky that can be surveiled 
compared to ground-based measurements. This is demonstrated in Figure 10, which provides contours of the 
minimum asteroid size detectable from either ground-based observations (in the white area) and additional 
observations from aphelion of the optimal heliocentric Earth-following orbits for 
,minSJE E  (in the light grey area). 
To compute the values in Figure 10, the approach described in References [23, 24] is adopted (with a limiting visual 
magnitude of 24 and 23 for ground based and space-based observations, respectively). For observations from the 
heliocentric Earth-following orbits only the contours in the grey are shown, which represents the 40 deg Solar 
Exclusion Zone (SEZ) in which asteroids cannot be detected from Earth. A similar SEZ exists for observations from 
aphelion, which is represented by the dark grey area. The figure clearly shows that the heliocentric Earth-following 
orbits can significantly extend the portion of the solar system that can be surveyed for asteroids compared to ground-
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based observations. Furthermore, when extending the contours into the white area, some improvements in minimum 
asteroids size are possible compared to ground-based observations (e.g. the 75 m contour for the heliocentric Earth-
following case will intersect with the 100 m contour for ground-based observations). Again, it should be noted that 
these results are only feasible from aphelion of the heliocentric Earth-following orbits and therefore a constellation 
of spacecraft will be required to maintain such a performance over time.  
 
a) b) 
  
Figure 8. Surveillance zone analysis for E = ESJ,min. a) Observation time per orbit. b) Observation time as 
percentage of elapsed time.  
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a) b) 
  
Figure 9. Surveillance zone analysis for E = ESJ,max. a-b) Observation time per orbit. c-d) Observation time as 
percentage of elapsed time.  
 
Figure 10. Minimum asteroid size (in meters) detectable represented in a Sun-Earth synodic reference frame. 
Contours in the white area are for ground-based detection; contours in the light grey area (i.e. in the 40 deg 
Solar Exclusion Zone (SEZ) from Earth) are for additional detection from aphelion of the optimal 
heliocentric Earth-following orbit for E = ESJ,min. The dark grey area is the 40 deg SEZ for observations from 
aphelion. The labels S, A and E indicate the Sun, aphelion and Earth, respectively. 
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Table 2. Surveillance zone performance with tobs the observation time per orbit and P the orbital period, both 
in days. 
 
limH  
10° 20° 45° 
,minSJE   
Keplerian, P  53.7 
Average 
obst   3.1 6.1 13.8 
Average 100 obst P  5.7 11.4 25.6 
Apsides thrusting, P  61.79 
obst   4.1 8.2 18.2 
100 obst P  6.6 13.2 29.3 
Improvement factor compared to Keplerian 1.16 1.16 1.14 
Optimal thrusting, P  67.6 
obst   5.0 10.0 21.8 
100 obst P  7.4 14.7 32.2 
Improvement factor compared to Keplerian 1.30 1.29 1.26 
,maxSJE   
Keplerian, P  54.9 
Average 
obst   3.1 6.3 14.0 
Average 100 obst P  5.7 11.4 25.4 
Apsides thrusting, P  63.5 
obst   4.3 8.6 19.1 
100 obst P  6.8 13.6 30.1 
Improvement factor compared to Keplerian 1.19 1.19 1.19 
Optimal thrusting, P  70.3 
obst   5.4 10.8 23.4 
100 obst P  7.7 15.3 33.4 
Improvement factor compared to Keplerian 1.35 1.34 1.32 
 
VIII. Conclusions 
This Note has introduced the concept of solar sail heliocentric Earth-following orbits. By exploiting the force due to 
solar radiation pressure on a solar sail, the line of apsides of a heliocentric orbit is rotated such that aphelion is 
always directed along the Sun-Earth line. This orbit control has been achieved with a simple apsides steering law. 
By further assuming that the semi-major axis and eccentricity remain constant along the orbit, an analytic expression 
for the required sail performance has been derived. Removing this assumption allows for slightly better performing 
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heliocentric Earth-following orbits for small sail lightness numbers. Compared to an inertially fixed Keplerian orbit, 
the heliocentric Earth-following orbits increase the time spent within a predefined cone around the Sun-Earth line by 
an average factor of 1.17 for a sail performance equal to that of 1$6$¶V Sunjammer mission (i.e., maximum sail 
lightness number of 0.0455). For an optimal solar sail steering law, which is directed more radially than the apsides 
steering law, this factor increases further to an average factor of 1.31. Further improvements in the performance can 
be achieved when considering a larger sail lightness number of 0.1 that should be achievable in the future by 
building upon the technology developed for Sunjammer. This lightness number can increase the percentage 
observation time compared to a Keplerian orbit by a factor 1.79. Applications of the heliocentric Earth-following 
orbits have been identified as space weather forecasting and NEOs surveillance, which both require continuous 
observations taken along the Sun-Earth line. This can be achieved by a phased constellation of solar sail satellites 
along the heliocentric Earth-following orbits. 
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